A medical research protocol on clinical intravenous coronary angiography has been completed at the European Synchrotron Radiation Facility (ESRF) biomedical beamline. The aim was to investigate the accuracy of intravenous coronary angiography based on the K-edge digital subtraction technique for the detection of in-stent restenosis. For each patient, diagnosis has been performed on the synchrotron radiation images and monitored with the conventional selective coronary angiography method taken as the golden standard. In this paper, the methods of image processing and the results of the quantitative analysis are described. Image processing includes beam harmonic contamination correction, spatial deconvolution and the extraction of a 'contrast' and a 'tissue' image from each couple of radiograms simultaneously acquired at energies bracketing the K-edge of iodine. Quantitative analysis includes the estimation of the vessel diameter, the calculation of the absolute iodine concentration profiles along the coronary arteries and the stenosis degree measurement.
Introduction
Selective coronary arteriography is the standard reference for the imaging of coronary anatomy and for establishing the presence and the severity of coronary artery stenoses. This technique is rather invasive: the morbidity is as high as 1.5% and the patient mortality is 0.1%, mainly related to the arterial catheterization (Johnson and Krone 1993) .
Various research programs have investigated the possibility of imaging coronary arteries by non-invasive or minimally invasive techniques.
The intravenous injection of the contrast medium would make the procedure safer. However, this injection technique, combined with a conventional x-ray source, is limited by the insufficient image contrast due to the large dilution of the contrast agent before reaching the hearth.
An alternative technique is K-edge digital subtraction angiography or KDSA (Jacobson 1953) . KDSA takes advantage of the sharp rise of the x-ray absorption coefficient of a suitable contrast agent. Two monochromatic x-ray beams with energies bracketing the K-edge energy are used to acquire two images of coronaries after the injection of the contrast agent.
There are two ways to process the so-acquired images. The signals due to the soft tissue and bone thickness variations are strongly suppressed after the logarithmic subtraction of the two energy images, and the signal arising by the distribution of the contrast agent is strongly enhanced in the final image. This enhancement in sensitivity allows us to inoculate the contrast agent transvenously, reducing thereby one of the morbidity causes of the exam.
The two images can also be processed by the dual-energy method proposed by Lehmann et al (1981) . This technique allows decomposing the sample into different basis materials, so that the contrast agent can be distinguished from all other materials. After image processing, a 'contrast image' is obtained: it is quantitative for the contrast agent concentration in the sample since the others materials (bone and soft tissue) are cancelled by the mathematical algorithm.
Various attempts at intravenous angiography with a conventional x-ray source included the use of filtered or kVp-modulated polychromatic x-rays and dual-energy subtraction technique (Kelcz et al 1977 . The broad spectra of the x-rays used by these methods make necessary imaging at three energies in order to minimize bone artefacts (Kelcz and Mistretta 1976) . Another compact source that would have sufficient intensity for digital subtraction coronary angiography is based on an x-ray generator with a rotating anode coated with barium and cerium as proposed by Manning et al (1991) . In addition to the desired characteristic x-rays, the Bremsstrahlung radiation from the source is also present; it increases the dose to the patient, reduces the contrast and adds noise to the subtracted image.
Synchrotron radiation (SR) sources are presently the only sources which deliver sufficiently intense monochromatic x-ray beams. In fact, SR x-rays are several orders of magnitude more intense than those produced by conventional sources. It is also possible to produce simultaneously two monochromatic and focused beams with energy bracketing the K-edge of a suitable contrast element (Suortti et al 1993) .
Over the past two decades, several SR facilities have developed clinical transvenous synchrotron coronary angiography programs to exploit clinical KDSA. Clinical trials have involved nowadays several hundreds of patients in different evaluation protocols carried out at different facilities. This minimally invasive imaging modality has been demonstrated safe and capable to provide accurate diagnostic information on a wide number of cases (Rubenstein et al 1990 , Dill et al 1998 , Ohtsuka et al 1999 , Dix et al 2003 .
Recently, a research protocol has been concluded at the European Synchrotron Radiation Facility (ESRF) biomedical beamline including 56 patients who have previously undergone an angioplasty with a stent implantation (Elleaume et al 2000 , Bertrand et al 2005 . The goal of the study was to assess the ability of the SR coronary angiography to quantify the in-stent restenosis (ISR). For each patient included in the protocol, diagnosis has been performed on the SR images and then compared with conventional selective coronary angiography, which was taken as the gold standard. The analysis of the results has demonstrated that the KDSA allows detection of the ISR on the right coronary artery (RCA). For the left anterior descending artery (LAD), the diagnosis was more difficult because of the frequent superposition with the left ventricle or the aorta; the results of the studies on 27 patients (RCA) and 29 patients (LDA) are reported in a separate paper (Bertrand et al 2005) . Synchrotron and conventional selective angiography were performed within 48 h. The sensitivity (rate of true positive) and the specificity (rate of true negative) for stenosis degree >50% assessed by two independent observers have been found to be
• 79% sensitivity and 92% specificity for the RCA • 45% sensitivity and 98% specificity for the LAD.
The quantitative measurement of the blood vessel diameters might be useful for improving the diagnosis reported in these studies. These results show that observers tend to miss existing stenosis. If the results for the RCA are quiet good, the LAD examination with the synchrotron will show a low sensitivity mainly due to the overlap of the artery by the ventricle and other vascular structures filled with iodine. However, the absolute contrast agent concentration in the vessels is directly accessible in the SR images, which leads to the evaluation of the arteries' diameters. These parameters can be followed along an artery and give a direct indication of the presence of a stenosis.
Before doing the quantitative measurements, the images are pretreated in order to correct for the beam harmonic content and deconvolve the signal by the finite pixel size of the detector.
The aim of this paper is to describe in detail these correction processes and show how the quantitative analysis can improve the diagnosis of the doubtful cases.
Materials and methods

Synchrotron radiation instrumentation and angiography set-up
2.1.1. The source. At the ESRF, the ID17 beamline is dedicated to the preclinical and clinical application of SR in medicine. A detailed description of the beamline and its instrumentation is reported in Elleaume et al (1999) .
SR-based coronary angiography takes advantage of the very intense, continuous x-ray spectrum produced by the source allowing the selection of monochromatic radiation among the white beam (Suortti and Thomlinson 2003 , Elleaume et al 2000 , 1999 , Thomlinson et al 2000 , Thomlinson 1992 . The x-ray radiation source is a 21-pole wiggler of the ESRF storage ring, where 6 GeV electrons are stored at a 200 mA current.
X-rays are transported in a long vacuum pipe to the satellite building outside the storage ring area up to the imaging hutch, which is located about 150 m away from the source. At that distance, the white beam has maximum dimensions of 150 × 10 mm 2 (H × V).
The x-ray optics.
The monochromator, which is sitting just upstream the imaging hutch, is a single cylindrically bent silicon Si(1 1 1) crystal mounted in Laue geometry that vertically focuses the beam (Suortti et al 1993) . The energy of the monochromatic beam is tunable between 20 and 80 keV. For KSDA, the energy is adjusted to the K-edge energy of iodine (E I = 33.17 keV).
Bending the crystal has the double effect of focusing the beam and enlarging the selected energy bandwidth, by creating an energy gradient along the vertical direction. The focal point corresponds to the patient position located 7 m away from the crystal (crystal bending radius ≈14 m). The beam is split into two parts by inserting a block of tungsten in front of the crystal. Due to the vertical gradient created by the focusing system, the so-created two beams have different mean energies that are separated by about 700 eV and each beam has an energy bandwidth of 150 eV (Suortti et al 1993) . The angle between the beams is less than 1 mrad so that the two beams probe the same portion of tissue in the patient. It has to be noted that the monochromatization method using perfect crystals intrinsically implies that when the crystal is set to select a particular energy, also higher harmonics are simultaneously diffracted and present in the beam. This subject will be discussed in detail in the dedicated paragraph.
The detector.
After crossing at the patient position, the beams diverge and are detected by a dual-line detector based on a 160 mm long monolithic p-type Ge crystal, electrically segmented into two rows of 432 parallel strips. In this way, two detectors of 432 pixels each, with a 0.350 mm pitch and 10.0 mm height, are created. The distance between the two lines is 0.5 mm and the depth of the active area is 2 mm, which ensures a detection efficiency of nearly 100% at 33 keV (Elleaume et al 1999) .
The patient positioning system and data acquisition.
The patient is positioned on a high precision stage with six degrees of freedom. This device permits us to adjust the patient with respect to the beam focus and to correctly orient him for imaging. The beam size is set to 150 × 0.7 mm 2 (H × V) and images are obtained by vertically scanning the patient (speed 250 mm s −1 ) through the beams while acquiring the transmitted x-rays with the dual-line detector (Dabin et al 2001) . A schematic figure of the experimental set-up for angiography is shown in figure 1 .
Images are processed and interactively analysed at a workstation that provides the contrast images for diagnosis a few minutes after their acquisition.
Medical protocol and image procedure
The research protocol has been targeting the right and left coronary arteries (Elleaume et al 2000) in patients who had previously undergone an angioplasty with the implantation of a bare metal stent. At the moment of the angiographic control for the detection of intra-stent restenosis, which mainly occurred 4-6 months after the implantation, the patients were imaged by KDSA and, within 24-48 h, by conventional selective angiography. The protocol included 56 patients, all men, with a mean age of 59 ± 15 years and a mean weight of 80 ± 22 kg. The total skin entry dose delivered to a patient during the SR imaging sequence was strictly limited to 200 mSv (2 mSv effective dose) by the French health ministry for clinical trials without direct benefit to the patients.
An ECG may trigger the x-ray exposure in order to acquire the image in end-systolic phase to avoid superposition on the left ventricle or in end-diastolic phase to obtain the best filling of the coronary arteries. Three to five images are then acquired to follow the iodine bolus (Iomeron R 350 mg ml −1 ) through the patient in-heart circulation system. Each image line was acquired in 1.4 ms, which corresponds to a vertical displacement of 0.35 mm for a scanning speed of 250 mm s −1 ; this fast acquisition permits us to avoid motion artefacts. The full 15 × 15 cm 2 image is then acquired in 0.6 s with a pixel size of 0.35 × 0.35 mm 2 . The time delay between images is 1.3 s.
Image processing
In the stored raw data, the signal is proportional to the number of photons, N, impinging on the detector after the transmission through the sample: where the subscript j denotes the different tissues and materials (iodine, bone and soft tissue), N 0 is the mean number of incident photons per pixel, E + and E − are the two energies that bracket the K-edge discontinuity, µ/ρ is the mass attenuation coefficient, ρ is the density of the material, t is the transmitted path length and D is the dark noise. The energy images are obtained from the raw data after the subtraction of the dark current D of the detector system. The dual-energy method makes use of the two images to decompose the sample into two suitable basis materials. The basis materials chosen are 'iodine' and 'soft tissue': in this way the 'iodine' image can be separated from the 'tissue' image that includes all materials except the contrast agent. For a quantitative discussion, we recall the principal equations of the dual-energy technique. For the energy images, from equation (1) a function of the basis materials is derived:
where (µ/ρ) iodine and (µ/ρ) tissue are the mass absorption coefficients of the iodine and soft tissue at the energies of interest, respectively, (ρt) iodine is the mass density of iodine and (ρt) tissue is the tissue equivalent mass density of all other materials. The N 0 (E ± ) values are calculated by using the flat fields, i.e. the images at two different energies acquired without the object; the dark current D is subtracted from the flat field images as well. The mass densities of iodine and tissue are calculated pixel by pixel by solving the two logarithmic expressions in equation (2). The 'contrast' and 'tissue' images obtained from this calculation are given by
In table 1 are reported the mass attenuation coefficient of iodine and tissue used in the calculation.
Removal of harmonics artefacts
Bragg diffraction from a perfect crystal determines the simultaneous diffraction of high harmonics in the monochromatic x-ray beam produced by the Si(1 1 1) monochromator.
Only the third harmonic (99 keV) has a non-negligible intensity when the monochromator is set to diffract 33 keV photons at the ESRF medical beamline. The second harmonic (2 2 2) contribution is actually negligible as it is forbidden by the kinematic theory of crystals (Suortti et al 1993) and harmonics higher than the (3 3 3) are negligible in the incident beam because of the exponential drop of the wiggler spectrum at energy above 100 keV. Although the higher energy photons in the beam impinging on the patient might represent only a small percentage with respect to the 33 keV photons, the amount of harmonics reaching the detector is increased by the selective absorption of the patient thorax, which induces beam hardening. The harmonic contamination affects the image quality and tends to reduce the contrast produced by iodine; in addition, absolute quantification of the contrast agent is affected with its consequent underestimation. This latter effect leads finally to the underestimation of the artery transverse diameter. The harmonic contamination of the incident beam (expressed as N 0 (3E ± )/N 0 (E ± )) is measured by acquiring several flat field images attenuated by Plexiglas absorbers of different thickness. The experimental data are then fitted with a double-exponential curve and the mean value of the percentage of the third harmonic is equal to 0.5%. The harmonic content can slightly vary with the experimental conditions (splitter position, crystal bending, vertical slits opening, etc) and along the horizontal beam profile (maximum on the central axis). However, at the first order, it can be assumed that this value is constant in the region of interest usually located at the centre of the images.
In the presence of harmonic contribution, equation (1) is written as follows: where i denotes the harmonic energy number and where N is corrected by the absorption factor ε i of the germanium detector (99.99% at 33 keV but 45% at 99 keV). Equation (5) cannot provide an analytic expression for the (ρt) iodine and (ρt) tissue values. For this reason, an algorithm based on an iteration loop has been applied, which is the development of a procedure described by Chapman and Schulze (1993) . In the first step of the iterative process, the harmonic contribution is neglected and a first estimation of contrast and tissue images is obtained by using equations (3) and (4). The calculated values of iodine and tissue mass densities are then used to estimate the detected photon number N(3E ± ) at the third harmonic energy:
By subtracting the so-calculated harmonic contribution from the raw images (equation (5)), two new images, which are 'harmonic free' in the first approximation, are obtained. These two corrected images are used as input data for the second iteration and the loop stops when the quantities (ρt) iodine and (ρt) tissue have converged. The removal of the harmonics contribution results in a more contrasted image with a contrast enhancement value of typically 10%. The effect of the removal of the harmonics, shown in figure 2, is visualized on the measured transversal profile of the same artery on the raw and corrected images, respectively. In the given example, the peak value of the artery transversal profile is enhanced by about 12% after the removal of harmonics.
Deconvolution
The dimensions of an image pixel have different definitions in the horizontal and in the vertical plane, and therefore the spatial resolution considerations must then be decoupled. As the detector is linear, the horizontal pixel size corresponds to the physical detector pitch (0.35 mm). The vertical pixel size corresponds to the vertical scanning step fixed at 0.35 mm to obtain a square pixel. By knowing the point spread function (PSF) and/or the modulation transfer function (MTF), it is then possible to recover the physical spatial resolution (0.35 mm) in both directions using fast Fourier transform based algorithms.
In the horizontal plane, the PSF is very small. The cross-talk between the pixels has been measured to be lower than 1% and thus the horizontal PSF is approximated by a small Gaussian spread out, 98% of the signal being contained in 1 pixel.
In the vertical case, the signal is collected on the full height of the detector pixel, which is 10 mm. The vertical spatial resolution on the images is then limited by the vertical beam size that is about 0.7 mm at the patient position. The recorded images correspond therefore to the convolution of the 0.35 mm thick image slice with the vertical beam shape. The vertical MTF has been calculated by simulating the interaction of the beam with a sine wave test pattern having a spatial frequency ν and an amplitude M i . The convolution product of the beam shape and the test pattern in the spatial domain provides an output sine wave of the same frequency ν and an amplitude M f . By definition, the ratio of the output modulation M f to the input modulation M i gives the modulation transfer factor at the frequency ν (ICRU 1986). The complete modulation transfer function MTF(ν) is then obtained by calculating this ratio at all the frequencies; the result is shown in figure 3 . As this effect is due to the scanning mode, the MTF is the same for all pixels.
The horizontal and vertical MTF have also been measured in later studies (Peterzol et al 2003) . The calculation and measurements are in good agreement: in the horizontal plane, the MTF is 0.8 at the Nyquist frequency 1.43 lp mm −1 (1/(2 × 0.35 mm)), which indicates lowsignal contamination within adjacent pixels. In the vertical direction, the MTF is calculated and measured to be 0.18 for the same frequency. The gain in image quality is then more important in the vertical direction. Figure 4 shows the effects of the horizontal and vertical deconvolution applied to the tissue image in which the stent signal is clearly enhanced. The enhancement has been measured on the profiles acquired in correspondence of the stent before and after the deconvolution and it is more than 10% for the stent border.
Mathematical model for vessel size measurement
The numerical value stored in a contrast image pixel is the product of the contrast agent concentration ρ and the total thickness t integrated over the x-ray path (see equation (3)). An artery is modelled as an elliptical cylinder parallel to the image plane and orthogonal to the x-ray path: t // is the artery elliptical shape axis parallel to the image plane and t ⊥ is the axis perpendicular to the image plane. A healthy artery segment is supposed to be circular and t // = t ⊥ = t. If a profile is drawn on the image along a t // axis, the numerical value P(x) of the pixel located at the x position can be expressed with the elliptical model:
where B(x) is a reference part of image without the artery which is assumed to vary uniformly in the vicinity of the details like B(x) = αx + β. By fitting this model on the arterial segments of interest, the parameters ρ, t // , t ⊥ , α and β can be calculated. However, as from equation (7), ρ and t ⊥ cannot be extracted simultaneously. The estimation of ρ is achieved in two steps. Firstly, a healthy segment of the artery in the vicinity of the measurement point is selected and then a circular artery model is applied:
Assuming that ρ and t are constant within the segment of interest, the values t // and t ⊥ are extracted by fitting the elliptical model. The stenosis degree (in per cent) is defined by Figure 5 shows an example of such measurements: in figure 5(a) a segment of the LAD artery is shown, while in figure 5(b) the transversal profiles of the healthy segment and the stenosed segment are presented. The healthy segment is found to have 2.7 mm diameter, while the stenosed segment has dimensions equal to 1.68 mm and 1.75 mm that indicate a 40% stenosis. The conventional angiographic image corresponding to figure 5(a) is shown in figure 6 . The diagnosis made on the classical selective angiography gave 50-60%. It has been noted that the reliability of the mathematical model is strongly dependent on the orientation of the x-ray incidence with respect to the artery in the image plane. In contrast, the S // values do not depend on the orientation, while the S ⊥ and ρ values are affected by the uncertainty on the orientation. In this study, no corrections are available to take into account these orientation effects. Even if the patient's angulation is optimized, the vessel may not be parallel to the image plane. Figure 7 shows an angiographic image acquired at the hospital by a conventional fluoroscopy unit (Siemens Coroskop+), while figure 8 shows, for the same patient, the contrast and tissue images acquired at the ESRF after applying the harmonic subtraction and the deconvolution algorithm. The diagnosis performed on the conventional image shows two stenoses in the highlighted region of figure 7. Their detection on the contrast image ( figure 8(a) ) is difficult because of the superposition of other structures filled with the contrast medium. To markedly improve their visualization, the Sobel operator has been applied to the region of interest (ROI) to enhance the artery border signal. Figures 9(a) and (b) show the ROI for the evaluation of stenoses before and after the Sobel operator, respectively. Here, the Sobel filter gives only indications on t // when artery superpositions are present. On the filtered ROI, the artery profiles have been acquired and the radius is plotted as a function of the artery path in figure 9(c). In patients with stents, the SR method allows simultaneous visualization of the stent and the perfusion of the vessel, thanks to the pixel-to-pixel correspondence between the contrast and tissue image. The tissue image allows an easy detection of the stents (highlighted regions in figure 8(b) ) that are not evident on the conventional angiographic image. Moreover, the vascular calcification or the presence of metal stents does not impair the evaluation of coronary arteries perfusion since they are eliminated in the subtraction process ( figure 8(a) ). Figure 10 shows the conventional and SR contrast images obtained for another patient. Two stenoses have been detected in the conventional image (highlighted region in figure 10(a) ). In order to detect and quantify the stenoses on the SR image, the iodine mass density profile along the artery path has been measured. The result is shown in figure 11 . The plot in figure 11(b) suggests the presence of two stenoses in agreement with the diagnosis performed on the conventional image. The signal-to-noise ratio value of the stenosis is around 3, the background noise being measured in the vicinity of the stenosis segment of interest. SR images correspond to the planar projection of the iodine mass density present in the cardiovascular system, so superposition is the main drawback of this technique, as is illustrated in figure 12 . Figure 12 (a) shows the cranial incidence conventional image of the LAD within a patient having an ISR >70% (Bertrand et al 2005) . The contrast and tissue images acquired with a right anterior oblique (RAO) 25/Cranial 25 view of the LAD are shown in figures 12(b) and (c). In these images, the two diagonal segments are superimposed. The two stenoses are visible only in the cranial incidence image that is poorly achievable at the synchrotron. Figure 13 shows the iodine mass density profile of the diagonal segments in the contrast image. The diagnosis of the presence of a stenosis is evident from this profile but the separation of the two diagonals is not achievable. The excess of iodine mass density signal along the profile corresponds to the superposition with other arteries and left ventricle.
Results
Stenosis evaluation
Discussion
Selective coronary angiography requires the injection of the contrast agent directly into the coronary and, as a consequence, only the coronary artery is highlighted. This procedure remains intrinsically invasive. In the SR procedure, following an intravenous injection, a large dilution of the contrast agent occurs before reaching the coronary arteries (factor ∼40). The technique is much less invasive but there is a possibility of the superposition with other structures filled with iodine such as the ventricles and the pulmonary veins. This drawback affects in particular the diagnosis performed on the left coronary artery where a correct diagnosis remains a challenge. The major limitations of the SR angiography technique are mainly due to the projective images and the limited number of incidences permitted by the maximal radiation dose and by the constraints of the set-up. This fact limits the visualization of the eccentric stenoses, where various projections are needed for a correct diagnosis.
Other limitations arise from a low signal-to-noise ratio in overweight patients. In these cases, it is possible to improve the image quality by enhancing the dose to the patient that is markedly limited in our case with respect to the conventional exam.
The harmonics correction algorithm allows recovering the correct value of the contrast medium mass density. The algorithm results in a more contrasted image: the contrast enhancement can be as high as 10%. This correction allows a more precise evaluation of the vessel size that is necessary to estimate the stenosis degree.
Horizontal and vertical deconvolutions have also been applied to the images with interesting improvements in the detection of the stent structures on the tissue images. The signal of the stent border is enhanced by about 10% on the tissue image.
It has been shown that the image treatment can help the diagnosis and the quantitative evaluation of stenosis degree. The Sobel operator enhances the borders of the arteries so that the diameter along the artery path can be measured and the degree of stenosis can be calculated when the unfiltered image shows overlaps of different structures. However, it is not possible to apply the Sobel filter to noisy images because it enhances the high frequencies.
The iodine mass density profile following the artery could also help the visualization and quantification of stenosis. It gives information about the superposition and the artery size variation. However, the profile is strictly dependent on the projection view.
The main advantage of SR angiography is the simultaneous visualization of the stent and perfusion of the vessel. The stent is easily detectable on the 'tissue' image and the perfusion inside the stent is checked on the 'contrast' image.
Conclusions
The SR K-edge subtraction method provides a good way to assess the status of known stenoses with a less invasive method than conventional coronary angiography. Since this technique uses intravenous catheterization, the coronary arteries are not artificially pressurized, so that the images of the arteries are acquired in a true physiological state. The absence of complications related to the peripheral catheterization allows using this technique for protocols where conventional angiography may not be allowed, like in the case of children. Moreover, the SR method permits the simultaneous visualization of the stent (tissue image) and of the perfusion of the vessel (contrast image). The limitations of this technique are related to the possible mask of a region of interest due to the superposition with other arteries or with the ventricles. We have shown in this paper how an accurate image processing can be helpful in difficult diagnoses.
